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Renal concentration defect following nonoliguric acute renal failure In
the rat. The mechanism of impaired renal concentrating ability follow-
ing nonoliguric ischemic acute renal failure was studied in the rat. Fifty
mm of complete occlusion of the renal artery and vein with contralateral
nephrectomy resulted in reversible, nonoliguric acute renal failure.
Eight days following induction of acute renal failure, a defect in 30 hr
dehydration urine osmolality was present when experimental animals
were compared with uninephrectomized controls (1,425 166 versus
2,267 127 mOsm/kg water respectively, P < 0.001). Comparable
postdehydration plasma vasopressin levels in experimental and control
animals and an impaired hydro-osmotic response to exogenous vaso-
pressin in experimental animals documented a nephrogenic origin of the
defect in urine concentration. Lower urinary excretion of prostaglandin
E2 in experimental animals and a failure of cyclo-oxygenase inhibition
with 10 mg/kg of indomethacin to improve dehydration urine osmolality
suggested that prostaglandin E2 antagonism of vasopressin action did
not contribute to the concentration defect. Postdehydration inner
medullary (papillary) interstitial tonicity was significantly reduced in
experimental animals versus controls (870 85 versus 1,499 87
mOsm/kg water respectively, P <0.001). To determine if this decreased
interstitial tonicity was due to vascular mechanisms, papillary plasma
flow was measured and found to be equivalent in experimental and
control animals. To examine a role for biochemical factors in the renal
concentration defect, cyclic nucleotide levels were measured in cytosol
and membrane fragments. A decrease in vasopressin and sodium
fluoride-stimulated adenylate cyclase was found in outer medullary
tissue of experimental animals. In contrast, vasopressin-stimulated
adenylate cyclase activity was comparable in the inner medullary tissue
of control and experimental animals. Our study suggests a defect in
generation of renal inner medullary interstitial solute as a mechanism of
the impaired urinary concentration observed in this model of acute
renal failure.
Défaut de concentration après insuffisance rénale aigue a diurèse
conservée chez Ic rat. Le mécanisme du défaut de concentration rCnale
aprés insuffisance rénale aigue ischéinique a diurése conservCe était
étudié, chez le rat. Une insuffisance rénale aiguë a diurèse conservée
reversible a ete induite par une occlusion totale durant so mm de
l'artère et de la veine rénales, avec néphrectomie contro-latérale. Huit
jours aprés l'induction de l'insuffisance rdnale aigue, l'osmolanté
urinaire après 30 hr de déshydratation était plus faible chez les animaux
expCrimentaux que chez les contrôles uninéphrectomisés (1420 166
contre 2267 127 mOsrn/kg l'eau respectivement, P < 0,001). Des
valeurs comparables de concentration plasmatique de vasopressine
aprCs déshydratation chez les animaux expérimentaux et contrôles, et
une alteration de la réponse hydro-osmotique aprés vasopressine exo-
gene chez les animaux expCrimentaux ont apporté La preuve que Ia
dCfaut de Ia concentration des urines est d'origine nephrogenique. La
plus faible excretion urinaire de prostaglandines chez les animaux
expCrimentaux, et l'absence d'amélioration de l'osmolarité urinaire
aprés dCshydratation avec inhibition de Ia cyclo-oxygénase par 10
mg/kg d'indométhacine suggerent que l'effet antagoniste de la prostag-
landine E2 sur l'action de Ia vasopressine n'est pas a l'origine du défaut
de concentration. Après déshydratation, la tonicité interstitielle de la
médullaire interne (papille) était significativement diminuée chez les
animaux expérimentaux par rapport aux contrôles (870 85 contre
1499 87 mOsm/kg l'eau, P < 0,001). Afin de determiner si cette
diminution de Ia tonicitC interstitielle était due a des mécanismes
vasculaires, le debit plasmatique papillaire était mesurC, et trouvé qu'il
etait equivalent chez les animaux expérimentaux et contrOles. Afin de
rechercher le role de facteurs biochimiques sur le dCfaut de concentra-
tion rCnale, les concentrations de nucléotides cycliques étaient mesuré
dans le cytosol et les fragments membranaires. Une diminution de Ia
stimulation de l'adenylate cyclase par Ia vasopressine et le fluorure de
sodium était trouvé dans Ic tissu médullaire externe des animaux
expCrimentaux. En revanche, l'activité adénylate cyclase stimulCe par
la vasopressine était identique dans le tissu médullaire interne des
animaux contrôles et expérimentaux. Notre étude suggére que Ic
mécanisme du dCfaut de concentration urinaire observe dans ce modCle
d'insuffisance rénale aigue est une insuffisance d'apport des solutés
dans le tissu interstitiel mCdullaire interne.
Recent clinical studies indicate that nonoliguric forms of
acute renal failure are being recognized with increasing frequen-
cy [1, 2]. Although extracellular fluid volume depletion often
complicates the clinical course of nonoliguric acute renal fail-
ure, urinary osmolality values in this disorder averaged less
than 350 mOsmlkg water in a prospective study [3]. The
mechanism of this renal concentration disorder has not been
evaluated extensively. Our studies were therefore carried out in
an animal model of ischemic, nonoliguric acute renal failure to
elucidate factors involved in the renal concentration defect
observed in this model.
Methods
Experiments were carried out on male Sprague-Dawley rats
weighing between 250 and 350 g. All animals had free access to
food (Purina rat chow) and water until induction of acute renal
failure. To induce acute renal failure, experimental animals
(group 1) were anesthetized with intraperitoneal pentobarbital
(50 mg/kg). The left kidney was mobilized, decapsulated and the
ureter identified and dissected free through a midline abdominal
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incision. An occlusive clamp (Schwartz 1-inch clamp, Roboz
Surgical Instruments, Co., Inc.) was placed around the left
renal artery and vein and maintained in place for 50 mm.
Preliminary experiments revealed that a longer duration of
clamping was associated with an oliguric state and high mortal-
ity rates. Immediately after clamping the left renal artery and
vein, the right renal pedicle was double ligated with 4-0 silk
suture material and the right kidney was removed. An i.p.
injection of 2 ml of 0.9% saline was then administered. After 50
mm of clamping, the left kidney was visually inspected. Only
animals with kidneys demonstrating a uniform dark blue discol-
oration were included in the study.
After inspection of the left kidney and clamp removal, the
abdominal incision was closed in layers. In control animals
(group 2) mobilization, decapsulation and ureteric identification
of the left kidney was carried out. The left renal artery and vein
were not clamped. The right kidney was removed and 2 ml of
0.9% saline was placed in the peritoneal cavity. After a 50-mm
interval, the right kidney was inspected and the abdominal
incision was closed in layers. In some protocols, two additional
groups of control animals were studied. Thus, in group 3, left
kidney mobilization, decapsulation, and ureteric identification
were performed but neither left renal artery and vein clamping
nor removal of the right kidney was done. In a final group of
control animals (group 4), the left renal artery and vein were
clamped for 50 mm but the right kidney was not removed. Both
groups 3 and 4 animals were otherwise handled identically to
groups 1 and 2 animals during and following surgery. The
following experiments were carried out:
Balance cage studies. In these studies, metabolic balance
cages that allowed for separation of urine and feces and
quantification of food and water intake (Holtage Co., Cincin-
nati, Ohio) were utilized. Animals (N = 48) from groups 1
through 4 were allowed 48 to 72 hr to adapt to the cages. Daily
determinations of animal weight, distilled deionized water, and
food (powdered Purina rat chow, 180 mEq sodium/g) intake,
and urinary volume and osmolality were obtained for 1 to 2 days
before and for 7 days following the induction of acute renal
failure. Because preliminary studies revealed that experimental
animals (group 1) had 20 to 40% significantly higher water and
20 to 100% lower food intake than control animals (groups 2, 3,
and 4), studies were performed on animals that were pair-fed
(groups 2, 3, and 4 animals food offering matched to food intake
of group 1) and pair-watered (water amount for group 1 animals
matched the water intake of groups 2, 3, and 4). This resulted in
comparable food and water intake in all groups of animals
throughout the entire study.
To determine the natural history of the acute renal failure,
serum creatinine and blood urea nitrogen determinations (Tech-
nicon Autoanalyzer, Technicon Corp., Tarrytown, New York)
were performed on 0.5 to 1.0 ml blood samples obtained from
either tail artery or vein under light, brief ether anesthesia.
Each animal (N = 48) was sampled on two or three occasions
including 3 to 5 days prior to induction and ito 4 days and 5 to 7
days following acute renal failure. To assess the effect of this
form of acute renal failure on gross kidney appearance and wet
and dry kidney weight, the left kidney was removed from 19
group 1 and 2 animals on day 8 under pentobarbital anesthesia.
After gross observation and initial weighing, the kidneys were
dried in an oven for a minimum of 72 hr to constant weight. To
assess the effect of this model of acute renal failure on sodium
balance, we measured daily sodium intake and urinary sodium
excretion in nine control and five experimental animals
throughout the protocol. In these studies, fecal sodium content
was not measured. However, due to anorexia in experimental
animals and pair-feeding of controls, negligible stool excretion
was observed during the first 4 days of the protocol.
Dehydration studies. To determine if this model of acute
renal failure is associated with a renal concentration defect,
osmolality was measured by cryoscopy (Advanced Instruments
3L Osmometer) on urine samples obtained 24 to 30 hr after
water withdrawal. These studies (N = 36) were carried out in
nine animals from groups 1 through 4 on day 8 following the
induction of acute renal failure. Studies were carried out on day
8 after acute renal failure to minimize the effect of increased
solute load per nephron on the observed results. Twenty-four
rats from groups 1, 2 and 3 were guillotined following dehydra-
tion. In these animals, free-flowing trunk blood was collected
into chilled EDTA tubes (Vacutainer Tubes, Becton Dickinson
and Co., Rutherford, New Jersey) for analysis of arginine
vasopressin by radioimmunoassay as previously described [4].
Clearance studies. Inulin clearance was carried out on day 8
in groups 1 (N = 10) and 2 (N = 8) to better characterize this
model of renal failure. In these studies, rats were anesthetized
with 50 mg/kg i.p. pentobarbital. After tracheostomy, polyeth-
ylene catheters (PE50) were inserted into the jugular vein and
femoral artery for infusions and blood sampling. The bladder
was catheterized with a flared catheter (PE 200) with care to
eliminate dead space. An infusion of 4% inulin in 0.45% saline,
sufficient to produce plasma inulin levels of 50 to 110 mg/dl, was
performed at 25 pilmin. In these animals, the hydro-osmotic
response to exogenously administered vasopressin (500 U of
Aqueous Pitressin, Parke Davis and Co., Detroit, Michigan)
was also subsequently evaluated. To establish a low urinary
osmolality, 0.3% saline was infused at 10 to 12 ml/hr for 2 to 3 hr
to produce a stable urinary osmolality of less than 150 mOsmlkg
water. Once a stable urinary osmolality was obtained, vaso-
pressin was administered over 1 to 3 mm i.v. The maximal
urinary osmolality obtained in sequential 5 to 10-mm urine
samples was then determined.
Studies on prostaglandins. These studies were done because
previous studies in the rat demonstrate that renal artery occlu-
sion results in increased urinary excretion of prostaglandins [5],
substances which antagonize the hydro-osmotic effect of vaso-
pressin [6, 7]. In groups 1 (N 9) and 2 (N = 6), 24-hr urinary
samples were collected in 50 p.1 sodium azide (40 mg/mI) for
determination of prostaglandin E by radioimmunoassay as
described previously [7, 8]. Urinary prostaglandin E was deter-
mined before and on days 2, 4, and 6 following surgery. To
more directly assess the role of prostaglandins in the renal
concentration defect, urinary osmolality following 24 to 30 hr
dehydration was measured on day 8 in groups 1 (N = 20) and 2
(N = 20) that had received either indomethacin (5 mg/kg) or an
equivalent volume of indomethacin carrier solution (sodium
carbonate) at 18 to 25 and at 4 to 6 hr prior to urine collection
during 24 to 30 hr of dehydration. In each group 10 animals were
given indomethacin and 10 were given sodium carbonate.
Tissue solute studies. To further elucidate the cause of the
renal concentration disorder of group 1 animals, inner medul-
lary (papillary) solute contents were determined by the method
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of Appelboom et al [9]. In these studies performed in groups 1
(N = 12) and 2 (N = 7), the rats were sacrificed by guillotine
following 30 hr dehydration, and the kidneys were removed
rapidly. The inner medulla was dissected free, weighed and cut
into two equal pieces. One sample was utilized for determina-
tion of sodium, potassium, and urea nitrogen content while the
other was used for determination of tissue water content.
Sodium and potassium concentrations were determined by
atomic absorption spectrophotometer (Perkins Elmer) while
urea nitrogen was measured by Technicon Autoanalyzer (Tar-
rytown, New York).
Studies on papillary plasma flow and clearance of PAH. We
performed these studies in groups 1 (N = 10) and 2 (N = 8)
animals to determine the role of papillary plasma flow abnor-
malities in the diminished inner medullary solute content ob-
served in group 1. Animals were anesthetized by an intraperito-
neal injection of ketamine hydrochloride (Parke Davis and Co.,
Detroit, Michigan) 50 mg/kg and mactin 20 mg/kg (Gulden
Konstanz West Germany, Distribution, Andrew Lockwood
Assoc., Rochester, Minnesota) and placed on a thermostatical-
ly controlled table which maintained body temperature at 37° C.
A tracheostomy was performed. A PE 10 catheter for the
infusion of .9% sodium chloride containing 3H PAH (NET-053,
aminohippuric acid, New England Nuclear, Boston, Massachu-
setts) and a PE 50 catheter for the later infusion of .9% sodium
chloride containing j125 albumin (Mallincrodt, St. Louis, Mis-
souri) colored with FD+C green dye number 3 (keystone
Aniline and Chemical Co., Chicago, Illinois) were inserted into
one jugular vein. A suprapubic incision was made, the bladder
externalized, and a PE-60 catheter with a flared end inserted.
The left femoral artery was catheterized with a length of PE-50
tubing for blood collection and continuous monitoring of blood
pressure with a recorder (Electronics for Medicine, White
Plains, New York). Only animals with mean arterial blood
pressure greater than 100 mm Hg were utilized.
As soon as the jugular catheter was inserted, the animal was
given 1 ml of 0.9% sodium chloride with 3 p.Ci of 3H PAH as a
priming dose and an infusion of the same solution was initiated
at the rate of 1.5 ml/min/100 g of body wt. Plasma levels of 3H
PAH were maintained approximately lOOx background. Fol-
lowing a half-hour equilibration period, urine samples were
collected into a weighed tube for 30 mm. Two blood samples
were taken, one at the beginning of the urine collection and one
at the end. To determine radioactive PAH clearance, 3H radio-
activity in aliquots of plasma and urine was measured in a
Searle Delta 300 liquid scintillation counter (Searle Analytic,
Inc., Chicago, Illinois). PAH clearance was calculated in a
standard fashion.
Following the clearance experiment, animals were prepared
for the measurement of papillary plasma flow (PPF) as de-
scribed by Chuang et a! [10]. Following isolation of the kidney
and placement of the 3-0 silk ligature, a microscope was
positioned over the kidney to assist in determining the arrival
time of J125 albumin. The PE 50 catheter in the jugular vein was
then attached to a syringe on the infusion side of a reciprocal
action Harvard pump (Harvard Apparatus, Millis, Massachu-
setts) containing J125 albumin colored with 25 mg/ml of FD+C
green dye. The femoral arterial catheter was attached to the
withdrawal side of the pump. The length of the two catheters
was identical. After the pump was started, timing of the
perfusion began when the dye reached the kidney. All perfu-
sions were performed for 20 sec. Simultaneously, the pump was
stopped and the renal ligature pulled tight. Excess blood was
expressed from the kidney and, using a microscope, the entire
papilla (inner medulla) removed as one piece. The inner medulla
was weighed and then counted along with 25 p.l of arterial
plasma collected during the perfusion period in a Beckman
Biogamma II counter (Beckman, Irvine, California). PPF was
calculated using the formula:
cpm/lOOg papillaPPF (ml/min/lOOg/papillary weight) =
cpm/ml plasma
60 s/mm
X
perfusion time (secY
Studies on the cyclic 3',5'-adenosine monophosphate
(cAMP) system. These experiments were undertaken because
previous studies demonstrated that the renal concentration
disorder associated with models of chronic renal failure is
characterized by impaired adenylate cyclase response to argi-
nine vasopressin [11]. We initially planned to analyze adenylate
cyclase and cAMP on collecting tubules dissected from groups
1 and 2. However, due to interstitial edema and fragility of
collecting tubules, we were unable to satisfactorily dissect
collecting tubules from group 1. Therefore, we performed
studies on membrane fractions and the cytosol of inner and
outer medulla.
Rats in groups 1 (N = 9) and 2 (N = 11) were killed by
decapitation. The kidneys were dissected in the coronal plane
by hand with a razor. The slices were less than 0.3 mm thick.
Cortex and outer and inner medulla were separated by careful
dissection of each slice. Slices were thoroughly washed several
times in a large volume of ice-cold incubation medium contain-
ing 140 m sodium chloride, 5 m potassium chloride, 1.2 mM
magnesium sulfate, 0.8 m calcium chloride 10 m glucose, 10
mM sodium acetate, 2 ifiM sodium phosphate, and 20 mM Tris,
pH 7.4 [121. The slices were preincubated in an incubation
medium for 20 mm at 30° C. The slices were then transferred to
fresh incubation medium containing 0.5 mM l-methyl-3-isobutyl
xanthine and were incubated for 20 mm at 30° C without
(control) or with 5 x 10—8 M synthetic arginine vasopressin
(experimental) obtained from Sigma Chemical Co., St. Louis,
Missouri. At the end of incubation, slices were removed from
the incubation medium and homogenized in a solution contain-
ing 20 m 2-(N-morpholine) ethane sufonic acid, 250 mM
sucrose, 0.5 mM MIX, and 2 m EDTA, pH 6.0, in a Teflon®-
pestle glass homogenizer. A part of this homogenation was
mixed with an equal volume of 10% TCA. In triplicate, 5 1jiwas
saved for protein determinations employing the modification of
the method of Lowry et a! [13]. To the test of the homogenate,
3H-cyclic AMP (0.5 pM, 12,000 cpm) was added for determi-
nation of cAMP recovery and centrifuged at 1,200 x g for 15
mm. The supernatant solution was kept at —20° C until assayed
for cyclic AMP.
Cyclic AMP in the TCA-free ether extract was determined by
radioimmunoassay as described by Steiner [14]. The TCA in the
sample was extracted with water saturated ether three times,
and the residue of ether was evaporated in the water bath, then
the pH of the samples was adjusted to 7.0 with sodium
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Fig. 1. Course of acute rena/failure. Open circles denote group I rats(N = 15), open triangles group 2 (N = 13) and closed circles group 4 (N
= 11). An asterisk denotes P < 0.05 when group 1 is compared with the
other groups.
hydroxide. Samples and standards were transferred to the tubes
containing 200 p.! to 400 p.l of 50 m acetate buffer, pH 6.2. One
hundred p.! of [124-I] 2-0-succinyl tyrosine methyl ester of
cyclic AMP (4000 to 6000 cpm) and 100 p.1 of antiserum in 50
m acetate buffer were added, mixed well, and incubated for 18
to 20 hr at 2 to 6° C. Bound antigen was separated by an
addition of 2.5 ml 60% saturated ammonium sulfate and by
centrifugation at 2000 x g for 15 mm in the cold. The bound
antigen in precipitates was counted in the gamma counter
(Searle Automatic, model 1285).
Preparation of the crude membrane fraction for adenylate
cyclase and the cytosolic fraction for cyclic AMP-phosphodies-
terase was undertaken as described previously [12, 15]. Both
groups of rats (5 experimental and 9 control) were sacrificed,
the kidney was promptly removed and decapsulated, and the
papilla and medulla were dissected. The kidney was homoge-
nized in an isotonic homogenizing solution containing 250 mM
sucrose, 3 m magnesium chloride, 1 mr'i EDTA, and 5 mM
Tris-HCI, pH 7.4. The homogenate was centrifuged at 600 x g
for 10 mm, and the resulting pellet was resuspended in a hypo-
osmotic solution (the same as a homogenizing solution except
without 250 mri sucrose), recentrifuged; the pellet washed one
more time, and the final pellet was resuspended in a small
volume of hypo-osmotic solution and kept in —70° C until
adenylate cyclase assay. The supernatant solution from the first
centrifugation was further centrifuged at 100,000 x g for 60 mm,
and the supernatant solution (cytosolic fraction) was kept in
—70° C until cyclic AMP-phosphodiesterase assay.
Adenylate cyclase activity in the membrane fraction was
determined using a modified method [12, 15] of Bar [16]. The
enzyme preparation (20 to 30 p.g of protein per tube) was
incubated for 15 mm at 37° C in a reaction medium containing
0.1 mM [a-32P]ATP (—1 x l0 cpm per tube), 4 m magnesium
chloride, 0.1% bovine serum albumin (w/v), 0.1 mivi EDTA, 0.5
mM cAMP, 25 mM creatinine phosphate 0.1 mglml of creatinine
phosphate kinase, 40 mrs'i Tris-HC1, pH 7.4 with or without
addition of arginine vasopressin at 5 x 108 M and 10—2 M
Results
General. This model of acute renal failure was associated
with a mortality rate which varied from 20 to 30% in separate
groups of animals. Deaths occurred on the second to fourth
days following induction of renal failure. All animals that
expired were excluded from analysis. No deaths were encoun-
tered in control (groups 2, 3, and 4) animals. The course of the
renal failure is depicted in Figure 1. Serum creatinine peaked at
5.0 0.2 mg/dl on day 2 following acute renal failure (group 1)
and returned to control values (0.60 0.05 mgldl) on day 7. In
control group 2, serum creatinine increased slightly but signifi-
cantly 1 day after nephrectomy (0.46 .05 to 0.62 .04 mgldl,
P < .05) and remained between 0.65 and 0.70 mg/dl during the 7
days of the study. In groups 3 and 4 (not depicted in Fig. 1),
serum creatinine remained unchanged throughout the study at
0.40 to 0.45 mg/dl. Blood urea nitrogen values on days 0, 3, 5,
and7incontrolanimalswere 19.6 1.1, 15.9 1.7,23.5 0.9,
and 23.0 1.4 mg!dl, respectively, and in experimental animals
18.8 1.0, 122.0 24.0, 123.1 45.0, and 26.8 2.7 mg/l,
respectively.
Daily urinary osmolality and urine volume are depicted in
Figures 2 and 3. Urinary osmolality and volume data are not
depicted for group 4 rats which did not differ significantly from
data obtained from groups 2 and 3. Daily urinary osmolality was
significantly lower in animals with acute renal failure than
control animals throughout the 7 days of the study. Animals
with acute renal failure were never oliguric and demonstrated
urinary volumes significantly higher than controls on days 3
through 7.
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sodium fiouride in a final volume of 50 p.!. The reaction was
stopped by the addition of 5 p.l of stopping solution: 25 mM
cAMP, 25 mM ATP, 25 mM 5'-AMP, and 250 mM EDTA, then it
was boiled for 3 mm. Separation of cyclic AMP formed by
adenylate cyclase was performed by chromatography using 0.1
mm cellulose 300 MN polyethyleneimine (Brinkman Instru-
ments, Inc., Westbury, New York).
The cytosolic cyclic AMP-phosphodiesterase activity was
also assayed using [3H]-cyclic AMP as a substrate [12, 17]. The
reaction mixture with 10 m magnesium sulfate, 0.1 mM
EDTA, 50mM Tris-HC1, pH 8.0, 1 x l06 M 3H-cyclic AMP for
low km cyclic AMP-phosphodiesterase and enzyme (—10 p.g of
protein per tube) in a final volume of 100 i.l, was incubated for 5
mm at 37° C. The reaction was stopped by boiling for 3 mm.
The second reaction was started by the addition of 5 '-nucleotid-
ase (50 p.g of snake venom) and incubated for 5 mm at 37° C.
2 3 4 5 6 7 The reaction was stopped by diluting with 1 ml of carrier
solution (each 0.1 m of adenosine, adenine, inosine, and
hypoxanthine). The resultant 3H-adenosine was separated by
AQE-Sephadex chromatography and counted.
To avoid any variations between tissue preparation and
assays, all tissue preparation, incubation, and enzyme assays of
control and experimental groups were conducted simultaneous-
ly; all the enzyme assays were performed in triplicate.
Statistical analyses. The statistical significance of the differ-
ences between groups was assessed by two-tailed, unpaired
Student's r test. When more than two groups were compared,
an analysis of variance with Scheffe's modification was used. P
<0.05 was considered significant. All values are expressed as
the mean 1 SEM.
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Fig. 2. Daily urinary osmolality throughout the course of acute renal
failure. Open circles denote group 1 rats (N = 15), open triangles group
2 (N = 13)and closed circles group 3 (N = 11). An asterisk denotes P <
0.05 when group 1 is compared with the other groups.
Upon gross examination 8 days following induction of acute
renal failure, the kidneys appeared significantly larger in group
1 rats. Wet kidney weight was significantly higher (P < 0.001) in
group 1 animals (2.29 0.20 g) than in groups 2 and 3 (1.29
0.10 and 1.09 0.05 g respectively). Percent of kidney water by
weight was also significantly higher (P < 0.05) in group 1 (83.5
1.0) than in groups 2 and 3 animals (78.5 0.9 and 77.9 1.0,
respectively).
Control and experimental animals were in a comparable
sodium balance prior to surgery. Control animals were in 0.5 to
0.8 mEq/day negative sodium balance for the first 2 days of the
protocol. Thereafter, control animals were in 0.5 to 1.5 mEq/
day positive sodium balance. Experimental animals were in 0.5
to 2.0 mEq/day negative sodium balance for the first 3 days of
the protocol. Thereafter, a positive sodium balance of 0.4 to 1.2
mEq/day was seen in experimental animals. Thus, experimental
animals were able to maintain a positive sodium balance for 4
days prior to dehydration testing.
Dehydration studies. Urinary concentration studies were
carried out on day 8 following acute renal failure to minimize
the effect of increased solute load per nephron on the observed
results. At this time, as noted previously, serum creatinine
values in experimental group 1 returned to control (group 2)
levels. Mean postdehydration urinary osmolality in group 3
animals was 2,702 179 mOsm/kg water. Mean postdehydra-
tion urine osmolality in group 4 rats was not different at 2,470
155 mOsmlkg water. Confirming other research [18], unilateral
nephrectomy (group 2) resulted in a significant decrease in
postdehydration urinary osmolality to 2,267 127 mOsm/kg
water (P < 0.001 versus group 3). Urinary osmolality in acute
renal failure animals (group 1) was further reduced to 1,425
166 mOsm/kg water (P < 0.001 versus groups 2, 3, and 4). To
insure that water restriction did not produce the renal concen-
tration defect, we examined postdehydration urine osmolality
in seven experimental rats allowed free access to water. A
significant defect in urine osmolality was also observed in these
animals. A nephrogenic origin for this concentration defect was
suggested by comparable postdehydration plasma arginine
vasopressin levels in all rat groups (group 1, 6.5 1.0; group 2,
5.2 1.4; and group 3, 6.9 2.6 dU/ml, NS).
Fig. 3. Daily urinary volume throughout the course of acute renal
failure. Open circles denote group 1 rats (N = 15), open triangles group
2 (N = 13) and closed circles group 3 (N = 11). An asterisk denotes P <
0.05 when group 1 is compared with the other group.
Clearance studies. Glomerular filtration rate, as estimated by
inulin clearance, on day 8 following acute renal failure was 0.34
0.04 mi/mm/bOg of body wt in group 1 rats and 0.51 0.04
mi/mm/bOg of body wt in group 2 rats (P < 0.025). In these
clearance studies, a nephrogenic origin for the renal concentra-
tion defect was documented by finding an impaired hydro-
osmotic response to exogenously administered vasopressin.
Prevasopressin urine osmolality in groups 1 and 2 was 130 10
and 116 10 mOsm/kg, respectively. Maximum urine osmolali-
ty following exogenous vasopressin was significantly less in
group 1 than group 2 animals (483 64 versus 715 77
mOsm/kg water, P < 0.05). There was no significant correlation
between absolute glomerular filtration rate and hydro-osmotic
response to exogenous vasopressin when groups 1 and 2 were
analyzed (r = 0.316, N = 18, P = NS).
Studies on prostaglandins. Twenty-four-hr urinary prosta-
glandin excretion in group 1 prior to the induction of acute renal
failure and on days 2, 4, and 6 following acute renal failure was
42.96 4.48, 3.88 1.49, 4.36 0.69, and 0.58 1.55 ng/day,
respectively. Urinary excretion of prostaglandins on the same
days in group 2 animals were 51.00 4.86, 13.88 1.77, 22.81
4.45, and 22.81 3.43 nglday, respectively. Group 2 values
were significantly higher than group 1 on days 2, 4, and 6
following acute renal failure. To further evaluate the role of
prostaglandins in the observed concentration defect, the effect
of 10 mg/kg indomethacin on postdehydration urine osmolality
was determined. Indomethacin did not significantly affect uri-
nary osmolality in either group 1(1,652 200 with 1,678 137
mOsm/kg water without indomethacin, NS) or group 2 (2,356
119 with and 2,503 134 mOsm/kg water without indometh-
acm NS).
Tissue solute studies. Renal inner medulla (papilla) solute
levels are depicted in Figure 4. As can be observed, both
electrolyte and urea nitrogen solute were significantly reduced
in acute renal failure animals. Papillary water content of control
animals was 84.2% (N = 8). Papillary water content was 2%
increased in experimental animals (87.2 2.6%, N = 10, P <
0.02 versus controls). In addition to decreased absolute tissue
solute levels, the ratio of postdehydration urine osmolality to
inner medullary tissue solute was significantly reduced when
1 2 3 4 5 6 2 3 4 5 6 7
Time, days
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with nonoliguric acute renal failure appear to have a significant
renal concentration defect [3]. In addition, a renal concentra-
tion defect is also observed frequently in patients who have
recovered from acute renal failure [19]. Because the mechanism
of this defect has not been clarified, our studies were performed
to delineate pathogenic factors in the renal concentration defect
observed in an experimental model of ischemic, nonoliguric
acute renal failure.
Previous experimental studies utilizing renal artery occlusion
in the rat have indicated that the magnitude of alteration in renal
function is dependent on the duration of occlusion [20, 21] and
the presence or absence of the contralateral kidney [22, 231. In
the present studies, 50 mm of renal artery and vein occlusion
with contralateral nephrectomy resulted in a reproducible mod-
el of nonoliguric acute renal failure. This nonoliguric state could
not be attributed to the presence of an ischemic kidney per se
with subsequent release of humoral substances such as angio-
tensin II or prostaglandins because rats with an ischemic kidney
and a normal contralateral kidney (group 4) had urine volumes
equivalent to uninephrectomized (group 2) and sham-nephrec-
tomized (group 3) control animals. The nonoliguric renal failure
observed in our study was also associated with a significant
defect in renal concentration ability 8 days following the
induction of renal failure. Neither the nonoliguric state nor the
renal concentration defect observed in experimental animals
could be attributed to alterations in food and water intake [241
because experimental and control animals were matched for
these variables. Finally, the presence of comparable postdehy-
dration plasma arginine vasopressin levels and an impaired
hydro-osmotic response to exogenous arginine vasopressin
clearly establishes a nephrogenic origin for the renal concentra-
tion defect observed in our studies.
We performed several experiments to clarify the mechanisms
of the concentration defect observed on day 8 following acute
renal failure. In any model of renal failure, increased solute load
per nephron could contribute to impaired renal concentrating
ability. Thus, if a substantial degree of nephron heterogeneity
was present in experimental animals, it is possible that the total
kidney GFR measured in these animals on day 8 was due to 20%
of glomeruli functioning at a rate four times that of normal.
Such a solute load could impede collecting tubule water
reabsorption. Moreover, any associated increase in the distal
nephron tubular fluid flow rate could decrease collecting tubule
urea reabsorption. In view of urea's role to provide a driving
force for passive sodium chloride reabsorption in the thin
ascending limb, increased solute load per nephron could also
diminish interstitial electrolyte content. In view of these consid-
erations, we attempted to minimize the effect of increased
solute load per nephron by carrying out dehydration studies on
day 8 following acute renal failure at a time when serum
creatinine and blood urea nitrogen in experimental animals
(group 1) had returned to uninephrectomized (group 2) control
values. Experimental animals had maintained a positive sodium
balance for 3 days prior to dehydration. In addition, although
inulin clearance was reduced significantly at this time, no
relationship between whole kidney inulin clearance and the
hydro-osmotic response to exogenous arginine vasopressin was
present. Together, these results suggested that factors in addi-
tion to solute load per nephron contributed to the renal concen-
tration defect. However, studies to assess the degree of neph-
ron heterogeneity and single nephron GFR in this model will be
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Fig. 4. Inner medulla (papilla) tissue solute following 36 hr dehydration
8 days after acute renal failure. Solid bars denote control group 2 rats(N = 7) while cross-hatched bars denote experimental group 1 (N =
12). Significant reductions (<0.001) in both electrolyte and urea nitro-
gen solute were present in experimental animals.
group 1 was compared with group 2 (1.74 0.17 versus 1.28
0.09, P < 0.05).
Studies on papilla,y plasma flow and clearance of PAH. To
determine if vascular mechanisms were responsible for the
observed decrease in inner medullary (papillary) solute in group
1, the papillary plasma flow was measured in groups I and 2.
Papillary plasma flow in groups 1 and 2 rats did not differ
significantly at 37.6 8.1 and 47.3 6.8 ml/min/100 g of
papillary wt, respectively. Clearance of PAH was 0.79 0.10
ml/min/lOO g of body wt in the experimental (group 1) rats and
0.94 0.13 mllmin/100 g of body wt in uninephrectomized
control (group 2) rats (NS).
Studies on the cAMP system. Adenylate cyclase activity in
inner and outer medullary membranes is depicted in Table 1.
Significant decreases in outer medullary membrane adenylate
cyclase activity following both arginine vasopressin and sodium
fluoride were observed in experimental animals. However,
comparable adenylate cyclase activities were observed in inner
medullary membranes of control and experimental animals. To
further examine this issue, basal and postarginine vasopressin
cAMP levels were measured in a separate series of groups 1 and
2 (Table 2). No differences in either basal or postarginine
vasopressin cAMP levels in either outer or inner medulla were
observed when groups 1 and 2 were compared. The cAMP
phosphodiesterase levels in the outer medulla of group 1 (N =
9) animals were significantly lower than in group 2 (N 5)
animals (366.9 25.99 versus 473.24 11.48 pmoles adeno-
sine/mm/mg protein respectively, P < 0.005). In addition,
cAMP phosphodiesterase levels in the inner medulla were
significantly lower in group 1 (N = 9) than group 2 (N = 5)
(334.27 30.78 versus 440.73 10.11 pmoles adenosine/
mm/mg protein respectively, P < 0.01).
Discussion
Recent clinical studies indicate increasing recognition of
nonoliguric forms of acute renal failure [1, 2]. Many patients
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Table 1. Adenylate cyclase activity in acute renal failurea
Arginine
vasopressin Sodium
Basal I x IO"M % Increase fluoride % Increase
Outer medulla
Group I (experimental, N = 5) 9.46 1.19 10.58 1.03 14.3 8.1" 37.75 6.45 311.6 67.8"
Group 2 (control, N = 9) 7.35 0.73 18.85 1.44 163.4 17.4 56.04 3.14 694.8 61.9
Inner medulla
Group 1 (experimental, N = 5) 9.22 1.44 17.60 1.90 110.8 45.5 49.68 4.05 482.6 88.9
Group 2 (control, N = 9) 12.66 0.74 25.63 1.83 103.4 11.8 70.09 3.79 459.2 25.1
a All values are expressed as pmole cAMP/mm/mg protein.
bP < 0.005 when groups 1 and 2 are compared.
Table 2. Tissue cyclic AMP in acute renal failurea
Basal
Post arginine
vasopressin
5 x IO8M
Outer medulla
Group 1 (experimental, N = 9) 86.50 10.92 103.66 15.66
Group 2 (control, N = 11) 70.35 6.26 88.61 10.00
Inner medulla
Group 1 (experimental, N = 9) 88.40 17.44 126.52 22.06
Group 2 (control, N = 10) 99.99 7.30 168.97 23.79
a Values shown are expressed in pmoles/mg protein.
necessary to further evaluate the role of increased solute load
per nephron in the observed renal concentration defect.
In the present study, we also evaluated the role of renal
prostaglandins in the pathogenesis of the renal concentration
defect. Recently, Kramer et al demonstrated that 60 mm of
renal artery occlusion in the rat resulted in increased urinary
excretion of prostaglandin E2 following the release of occlusion
[5]. Previous studies from our laboratory indicated that prosta-
glandins antagonize the hydro-osmotic effect of arginine vaso-
pressin in the dog and rat [6, 7]. Thus, we measured urinary
prostaglandin E2 excretion throughout the course of renal
failure and found it to be consistently reduced in animals with
renal failure. Although urinary prostaglandin excretion appears
to reflect renal prostaglandin biosynthesis under normal cir-
cumstances [25], such a relationship cannot be assumed in the
setting of renal failure with possible tubular obstruction and
backleak. Therefore, we further evaluated the role of prosta-
glandins in the observed renal concentration defect by the
administration of indomethacin, an inhibitor of prostaglandin
synthesis. Similar to other research [261, indomethacin did not
increase 24 to 30-hr dehydration renal concentration ability in
control animals. Moreover, no effect of indomethacin to in-
crease urinary osmolality in animals with acute renal failure was
observed. The dose of indomethacin utilized (10 mg/kg) has
been demonstrated clearly to inhibit renal prostaglandin biosyn-
thesis in the rat [26, 27]. Taken together, these results do not
support a role for prostaglandins to antagonize the hydro-
osmotic effect of vasopressin and produce the renal concentra-
tion defect observed in the present experiments.
A marked diminution in inner medullary electrolyte and
nonelectrolyte solute was found in experimental animals in our
study. Although renal tissue water content was increased, the
2% increase in inner medullary (papillary) water content could
not have been responsible for the 40% decline in tissue solute.
The decrease in interstitial solute, by diminishing the chemical
concentration gradient of water from collecting tubular fluid to
interstitial fluid, limits water diffusion out of collecting ducts
and thereby urinary concentration. The observed diminished
inner medullary solute could result from either failure to
generate or to maintain interstitial tonicity. The present studies
do not directly evaluate the generation of interstitial tonicity.
However, recent micropuncture and perfused tubule studies
executed after renal artery occlusion demonstrate impaired
function of the solute pump of the medullary thick ascending
limb of Henle, the energy source for medullary hypertonicity,
soon alter induction of renal ischemia [28, 291.
We found diminished vasopressin and sodium fluoride stimu-
lated adenyl cyclase activity in the outer medullary tissue of
experimental rats. This is of note because vasopressin sensitive
adenylate cyclase is present not only in rat collecting tubule but
also rat ascending limb tissue [30]. Moreover, in rat outer
medulla, ascending limbs outnumber collecting tubules by a
factor of 5:1 [31]. That this biochemical effect of vasopressin in
thick ascending limb has physiologic significance is suggested
by perfused tubule studies demonstrating an effect of vasopres-
sin to enhance chloride removal from the lumen of thick
ascending limb [32, 33]. Thus, it is possible that the diminished
outer medullary adenylate cyclase activity observed in our
study was related to decreased ascending limb function and
interstitial solute generation. Biochemical studies of dissected
thick ascending limb will be necessary to confirm this possibili-
ty. Alternatively, the decreased adenylate cyclase could also be
related to ischemia-induced decreased membrane surface area.
Morphometric analyses and additional tubular enzyme cyto-
chemical studies would therefore also be of interest.
With regard to maintenance of interstitial tonicity, an in-
crease in papillary blood flow in acute renal failure could serve
to "wash out" medullary interstitial solute. Indeed increases in
papillary plasma flow have been reported 40 to 48 hr after
nephrotoxin induced oliguric acute renal failure [34]. In our
studies, papillary plasma flow was not significantly different
when control and experimental animals were compared. The
insignificant 21% decrease noted in papillary plasma flow was
paralleled by a 16% decrease in PAH clearance. Moreover, a
significant difference in papillary plasma flow in experimental
and control animals was not present when expressed per unit of
either wet or dry papillary weight. It is of note that the method
we utilized to measure papillary plasma flow consists of only a
minor part of total medullary perfusion. Thus, we cannot totally
exclude that an increase in blood flow to outer medullary tissue
590 Anderson et al
occurred in our studies. However, these results and results of
other studies utilizing micropuncture and perfused tubule tech-
niques [28, 29] suggest that abnormalities in generation rather
than maintenance are responsible for diminished interstitial
tonicity in some ischemic model of acute renal failure.
Studies on cAMP system components were also carried in
inner medullary tissue. These studies were performed because
it is well established that collecting tubule cAMP is important in
mediating the hydro-osmotic effect of vasopressin [35]. More-
over, a previous study by Fine et al, utilizing the remnant
kidney model, found diminished renal concentration and im-
paired hydro-osmotic and adenylate cyclase responses to argi-
nine vasopressin in dissected perfused cortical collecting tu-
bules [11]. In addition, preliminary communications reported a
lower basal inner medullary adenylate cyclase activity in ure-
mic rat kidneys [36] and an effect of extracts of uremic kidney
homogenates to decrease the adenylate cyclase stimulatory
effect of vasopressin [37]. We observed that a decreased ratio of
postdehydration urine osmolality to inner medullary tissue
solute content was found in experimental animals. This obser-
vation may suggest an impaired collecting tubule permeability
response to vasopressin. Indeed, such an impaired response has
been directly demonstrated in isolated, perfused collecting
tubules removed from rabbit kidneys shortly after 60 mm of
renal artery occlusion [29]. Although we found suggestive
evidence of impaired collecting tubule permeability response to
vasopressin, the effect of vasopressin on adenylate cyclase
activity and cAMP in inner medulla was equivalent in control
and experimental animals. To more definitively resolve the
potential role of cAMP system abnormalities in the pathogene-
sis of the renal concentration defect in ischemic nonoliguric
acute renal failure, we are currently developing an ischemic
model of acute renal failure that will allow tubular dissection
and cAMP system analysis in both dissected thick ascending
limbs and collecting tubules.
Conclusion. Our present studies demonstrate that a 50-mm
occlusion of the renal artery and vein with contralateral
nephrectomy results in nonoliguric acute renal failure. A renal
concentration defect is present on day 8 following acute renal
failure. This renal concentration defect can be dissociated from
changes in food and water intake, the presence of an ischemic
kidney, diminished whole animal glomerular filtration rate,
vasopressin secretion, and renal prostaglandins. A decrease in
outer medullary vasopressin and sodium fluoride stimulated
adenylate cyclase was seen. A consistent decrease in inner
medullary electrolyte and urea nitrogen solute was present.
Because papillary plasma flow did not differ significantly when
experimental and control animals were compared, we postulate
that the decrease in papillary interstitial solute was due to a
diminished generation of solute.
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